Oxidative stress injury is an important pathogenesis of influenza virus in critically ill patients. The present study investigated the efficacy of carnosine, an antioxidant and free radical scavenger, on a model of acute lung injury (ALI) induced by H9N2 swine influenza virus. Female specificpathogen-free BALB/c mice were randomized into four groups and treated as follows: (1) H9N2 group, (2) mock control group, (3) H9N2+carnosine group and (4) carnosine control group. The H9N2 group mice were inoculated intranasally with A/Swine/Hebei/012/2008/ (H9N2) virus (100 ml) in allantoic fluid (AF), whilst mock-infected animals were intranasally inoculated with non-infectious AF. Carnosine [10 mg (kg body mass)
INTRODUCTION
Since the first case of human infection with H5N1 avian influenza virus was reported in 1997, a few other subtype animal influenza viruses, such as H9N2, H7N9 and new H1N1, have been confirmed to cause human infection or result in epidemics (CDC, 1997; Peiris et al., 1999 Peiris et al., , 2009 Wiwanitkit, 2013) . Although vaccination is thought to be an effective method for preventing such epidemics, the genetic recombination of different viral genotypes makes it difficult to predict which vaccine strain will be suitable to prevent a new influenza pandemic. Consequently, utilizing drug prevention or therapy in critical illness is still an optimal strategy. Neuraminidase inhibitor drugs have been demonstrated to effectively inhibit influenza A virus replication. However, the efficacy of the approved antiinfluenza drugs is limited because of the emergence of resistant strains. Moreover, studies investigating the pathogenesis of H5N1 or H1N1 viruses confirm that uncontrolled excessive lung and systemic inflammation or oxidative stress inducing acute lung injury (ALI) are the main reasons for the death of critical patients, rather than uncontrolled viral infection (Matthay & Zemans, 2011) . In patients with influenza, elevated proinflammatory cytokines appeared to play a key role in the conformation of acute respiratory distress syndrome (ARDS) (Hien et al., 2009) . However, some studies demonstrated that immunosuppressive inhibitors could neither ameliorate the severity of ALI or ARDS nor decrease the mortality in patients or experimental mice (Tran et al., 2004; Salomon et al., 2007; Xu et al., 2009) , indicating that some other important factors might be involved in the development of ALI. To date, a growing body of evidence indicates that oxidative stress plays an important role in the pathogenesis of lung diseases (Ryrfeldt et al., 1993; Akaike et al., 1996) . Interestingly, the involvement of free radicals in ALI induced by influenza virus in mice has been reported (Narasaraju et al., 2011; He et al., 2013) . Hence the rapid increase of interest in the role of 'oxidative stress' in ALI induced by influenza virus has mainly focused attention on antioxidant agents that prevent the generation of reactive oxygen species (ROS) or enhance their metabolism. The generation of ROS, including anions (O 2 2 ), hydrogen peroxide (H 2 O 2 ) and hydroxyl radicals (OH ? ), results in an imbalance between the prooxidant/antioxidant systems, which causes damage to cellular macromolecules such as nucleic acids, proteins and lipids. In particular, these free radicals more easily attack the polyunsaturated fatty acids in biomembranes and induce lipid peroxidation, and then cause lung injury. Some antioxidant agents, such as N-acetyl-L-cysteine IP: 54.70.40.11
On: Tue, 22 Jan 2019 20:44:14 (NAC) and glutathione (GSH), were chosen to interfere in the course of ALI induced by different influenza viral strains (Zhang et al., 2014; Amatore et al., 2015) .
The biological importance of carnosine, an endogenous dipeptide composed of the amino acids b-alanine and Lhistidine, is attributed to its chelating effect against metal ions, superoxide dismutase (SOD)-like activity, and ROS and free radical scavenging properties (Dahl et al., 1988; Babizhayev et al., 1994; Chan et al., 1994) . Several studies have indicated that carnosine has beneficial effects against diabetes, kidney insult and bleomycin-induced lung injury. In the ALI mouse model, Cuzzocrea et al. (2007) demonstrated that carnosine treatment abolished immunostaining for inducible nitric oxide synthase in the lungs of animals treated with bleomycin, whereas Noori & Mahboob (2010) showed the curative effect of carnosine on cisplatin-induced kidney insult. Moreover, studies have indicated that carnosine has antioxidative and free radical scavenging functions (Guney et al., 2006) , and carnosine supplementation has been shown to effectively decrease the level of TNF-a and IL-6 which may consequently diminish inflammatory-oriented endothelial dysfunction and coagulation risk (Lee et al., 2005) . Oral carnosine attenuated proinflammatory cytokine-induced nitric oxide production during the management of virulent H1N1 influenza virus infection, suggesting carnosine should have a promising effect on influenza A virus infection for disease control and prevention (Babizhayev & Deyev, 2012) . Although the antioxidative effect of carnosine has been known in some diseases, little is known about its effect on ALI induced by H9N2 swine influenza virus (SIV). Therefore, this study aimed to investigate the effects of carnosine on ALI induced by H9N2 SIV infection in the mouse model, which might benefit further therapeutic interventions for human ALI induced by zoonotic influenza viruses.
RESULTS
Carnosine treatment effectively ameliorated clinical symptoms and prolonged the survival time of H9N2-infected mice At day 2 post-inoculation (p.i.), inappetence (loss of appetite), inactivity and ruffled fur appeared on H9N2-infected mice, and by day 4 p.i., clinical signs of respiratory disease were observed, including visual signs of laboured respiration. Also, more severe inappetence and emaciation appeared on some of the mice with a body mass decrease to *75 % of the original mass by 6 day p.i. (Fig. 1a) . In the carnosine-treated group, the H9N2-infected mice also exhibited depression, inappetence and clinical signs of respiratory disease. The severity was significantly alleviated compared with the no-treatment H9N2-infected mice. Meanwhile, carnosine treatment significantly decreased the loss of body mass and remarkably prolonged the survival time of H9N2-infected mice (10.3 + 1.2 versus 7.6 + 3.4 days; carnosine treatment versus no-treatment H9N2-infected mice). During the experiment, 75 % of the mice died in the H9N2 group compared with 43.75 % in the carnosine-treated group (Fig. 1b) . Gross pathological observation of the lungs demonstrated more serious oedema with profuse areas of haemorrhage and congestion in no-treatment mice. However, in the carnosine-treated group, the gross pathological lesion of lungs was not as serious as that of no-treatment H9N2-infected mice, whilst mock-infected group mice treated with carnosine or normal saline did not show any clinical signs or gross pathological changes in the lungs (Fig. 1c) .
Carnosine treatment attenuated lung pathological lesions
To assess the pathological changes, haematoxylin/eosin (HE) staining and a lung injury score system were used in our study. As shown in Fig. 2(a) , both no-treatment and carnosine-treated mice infected with H9N2 displayed a similar histopathological pattern, including initial peribronchiolar patchy pneumonia and fully developed bronchiolitis and bronchopneumonia. However, carnosine treatment alleviated the severity of lung histopathological lesions significantly, which was confirmed by the score of histopathological changes (Fig. 2b) . The degree of formation of bronchiolitis, alveolar oedema and interstitial oedema, and margination and infiltration were markedly decreased in the no-treatment H9N2-infected group on day 6 p.i. (Pv0.05) (Fig. 2b) .
Carnosine treatment decreased lung oedema
As shown in Fig. 3(a) , the wet lung/body mass ratio increased significantly in H9N2-infected mice on days 2-8 p.i. compared with the mock-infected or carnosine control group (Pv0.01), whereas the ratio in carnosinetreated H9N2-infected mice significantly decreased compared with that in no-treatment H9N2-infected mice (Pv0.01). The results of the lung wet/dry mass ratio in Fig. 3(b) also showed similar changes. On 4-8 days p.i., the lung wet/dry mass ratio in the carnosine-treated group decreased significantly compared with no-treatment H9N2-infected mice (Pv0.01).
Carnosine treatment alleviated blood endothelial lesions and decreased pulmonary capillary permeability
In order to determine the role of carnosine in pulmonary capillary permeability, capillary leakage was assessed by pulmonary extravasation of Evans blue dye (EBD) and total protein in pure bronchoalveolar lavage fluid (BALF) as detailed in Methods. As shown in Fig. 4 , there was a significant increase in EBD extravasation (Fig. 4a ) and protein in BALF (Fig. 4b ) of H9N2 SIV-infected mice compared with non-infected mice. However, EBD extravasation and protein in BALF in the carnosine-treated H9N2-infected group decreased significantly compared with no-treatment H9N2-infected mice (Pv0.05).
Carnosine treatment disturbed total SOD (T-SOD) and OH · scavenging activity, and decreased malondialdehyde (MDA) content in the lung tissues MDA is the direct product of lipid peroxidation and is an indicator of oxidative damage (He et al., 2013) . As shown in Fig. 5(a) , the MDA content in no-treatment H9N2-infected mice increased markedly from days 2 to 8 p.i. compared with mock-infected control group mice (Pv0.01). However, the MDA content significantly decreased in carnosine-treated H9N2-infected mice compared with no-treatment H9N2-infected mice (Pv0.01). Nevertheless, as a specific superoxide radical scavenger, SOD is an indicator of the free radical scavenging ability of carnotine (He et al., 2013) . In this study, T-SOD activity was significantly higher in the carnosine-treated H9N2-infected group compared with no-treatment H9N2-infected mice on days 2-6 p.i. (Pv0.01) (Fig. 5b) . Similarly, OH ? scavenging activity was also markedly higher in carnosine-treated H9N2-infected mice compared with no-treatment H9N2-infected mice (Pv0.01) (Fig. 5c ).
Carnosine treatment decreased inflammatory cell infiltration, myeloperoxidase (MPO) activity and cytokine content in BALF
The total white blood cell (WBC) count in BALF of H9N2 SIV-infected mice increased dramatically compared with no-infected mice (Pv0.05) [ Fig. 6a(i) ]. The differential counts showed that all kinds of leukocytes (macrophages, lymphocytes and neutrophils) increased significantly during the course of H9N2 SIV infection. Among the three kinds of leukocytes mentioned above, the ratio of neutrophils in total WBCs increased more significantly than the other cells. However, the total WBC count and the differential counts decreased obviously after carnosine BALF of mock-infected group mice (Pv0.05), but these indices in BALF of carnosine-treated H9N2-infected mice were lower than those in BALF of no-treatment H9N2-infected mice. Statistically significant differences were observed in the levels of the aforementioned cytokines in BALF on days 4-8 p.i. between carnosine-treated and notreatment H9N2-infected mice (Pv0.01). shown by HE staining after therapy with carnosine in H9N2-infected mice. The similar histopathological pattern in carnosinetreated mice showed symptoms not as serious as that of no-treatment H9N2-infected mice. On days 2-6 p.i., the lung histopathology of H9N2 mice showed interstitial oedema around small blood vessels and bronchioles (straight arrows), dropout of mucous epithelium (triangle arrowhead) and fully developed bronchiolitis (curved arrows), and bronchopneumonia. However, after carnosine treatment, the pathological changes in the lung tissues were relieved. Mock control and carnosine control groups showed no pathological lesions. Representative HE-stained sections were derived from mice treated as described in the text (five mice in each group at different points). Bar, 200 mm. (b) Histopathological scores of five mice at day 6 p.i. were analysed by the Kruskal-Wallis test; P,0.05 was considered significant.
Effect of carnosine treatment on viral infection of lungs
The effectiveness of carnosine on H9N2 virus replication in the lungs of mice was also investigated, and the results showed that viral titres in the lungs of H9N2-infected mice increased on days 2-8 p.i. with the peak viral titre reaching 8.2 log 10 50 % egg infectious dose (EID 50 ). It was also found that carnosine treatment affected the amount of virus proliferation from the lungs of carnosine-treated H9N2-infected mice and their viral titres were significantly lower than those of no-treatment H9N2-infected mice on days 4-6 p.i. (Pv0.05) (Fig. 7) .
Carnosine treatment attenuated mRNA levels and decreased protein production of Toll-like receptor (TLR)-4
TLR-4 mRNA expression in carnosine-treated H9N2-infected mice decreased significantly compared with notreatment H9N2-infected mice from days 2 to 6 p.i.
(Pv0.05). Fig. 8(a) shows a significant decrease of TLR-4 mRNA expression in carnosine-treated H9N2-infected mice compared with no-treatment H9N2-infected mice on day 6 p.i. (Pv0.01). At the same time, the Western blot analysis also demonstrated that TLR-4 protein levels in the lung tissue dramatically decreased in carnosine-treated H9N2-infected mice compared with no-treatment H9N2-infected mice from days 2 to 6 p.i. (Pv0.05). Fig. 8(b) shows the TLR-4 protein levels in each group on day 6 p.i.
DISCUSSION
ALI or its most severe form, ARDS, is a clinical syndrome characterized by rapid-onset respiratory failure following a variety of direct and indirect insults to the parenchyma or vasculature of the lungs (Raghavendran & Napolitano, 2011) . At present, ALI/ARDS is confirmed as one of the most important clinical signs in H5N1 or new H1N1 patients (Yu et al., 2008; Estenssoro et al., 2010; Kumar, 2011) . Furthermore, oxidative stress injury was demonstrated to be an important pathogenesis of influenza Carnosine ameliorates H9N2 SIV-induced ALI virus in critically ill patients (Narasaraju et al., 2011; He et al., 2013) . Therefore, more and more therapies for ALI induced by influenza virus have focused on antioxidants.
In the present study, after orally administering carnosine to H9N2-infected mice at a dose of 10 mg kg 21 daily for 7 days consecutively, clinical signs including decreased food intake and loss of body mass were alleviated, mean survival time was prolonged, and mortality was decreased.
Meanwhile, lung histopathological observations indicated less inflammatory cell infiltration, interstitial and alveolar oedema, and haemorrhage in carnosine-treated mice than in H9N2-infected mice.
A few studies have demonstrated that the adaptive immune component of respiratory viral infection results in increasing lung vascular permeability that occurs primarily at the level of lung microcirculation, which in turn leads to the accumulation of protein-rich pulmonary oedema fluid (Matthay & Zimmerman, 2005) . Therefore, lung vascular injury is the most important initial cause of ALI/ARDS (Matthay & Zemans, 2011) . To investigate the effect of carnosine on lung vascular permeability, the extravasated EBD concentration, the content of protein in BALF as well as the lung wet/dry mass ratio were observed dynamically after carnosine treatment, and it was found that carnosine treatment significantly reduced the vascular permeability of EDB and protein content in BALF, and decreased the lung wet/dry mass ratio of H9N2-infected mice in this study. This suggested that carnosine effectively alleviated lung vascular lesions, and the exudation of water and protein in the lungs. In response to an inciting event of infection in the course of ALI, pulmonary macrophages and endothelium were activated and expressed adhesion molecules, which resulted in a large amount of inflammatory cells infiltrating the alveolar space and interstitial tissue, and release of proinflammatory and cytotoxic compounds including TNF-a, IL-1b and ROS. These compounds ultimately lead to profound injuries to the alveolocapillary membrane and respiratory failure (Lee & Downey, 2001; Khadaroo & Marshall, 2002; Chow et al., 2003) . Furthermore, some investigations also indicated that inflammatory cytokines or ROS increased dramatically in H1N1 and H5N1 patients or some animal models (Akaike et al., 1996; He et al., 2013; Babizhayev et al., 2014) . Interestingly, we found that the total WBC count in BALF decreased dramatically in the carnosine-treated H9N2-infected group compared with no-treatment H9N2-infected mice. The differential WBC counts in BALF, especially the neutrophil counts, significantly decreased with carnosine treatment. Meanwhile, our data showed that MPO activity, reflecting the activation of neutrophils, also decreased significantly in the carnosine-treated H9N2-infected group. It was also found that the TNF-a, IL-1b and MDA content and MPO activity of H9N2-infected mice increased dramatically in this investigation. However, the proinflammatory and cytotoxic compounds mentioned above decreased significantly after carnosine treatment. Furthermore, as indicators of superoxide radical scavenging ability, T-SOD activity and OH ? scavenging activity increased dramatically in carnosine-treated mice compared with no-treatment mice. Hence, our data showed that carnosine effectively ameliorated H9N2 SIV-induced ALI in mice, reducing cytotoxic compounds and cytokine production.
TLRs were the first family of pattern recognition receptors to be discovered in mammals and are widely expressed on a range of immune or non-immune cells, including Xiang et al., 2010) . Previous studies demonstrated that activation of TLRs resulted in acute inflammation and controlled the adaptive immune response at various levels (Lafferty et al., 2010) . In this study, the mRNA and protein levels of TLR-4 expression were analysed by quantitative real-time (qRT)-PCR and Western blotting to investigate their role in ALI induced by H9N2 virus. The results of qRT-PCR and Western blot analysis indicated that TLR-4 mRNA levels and protein expression in the lungs of H9N2-infected mice were much higher than those in the lungs of carnosine-treated H9N2-infected mice, suggesting that TLR-4 was a key pathway involved in ALI induced by H9N2 infection. Imai et al. (2008) reported oxidative stress and TLR-4 as key pathways controlling the severity of ALI induced by H5N1 avian influenza virus (Imai et al., 2008) . In a piglet model challenged by lipopolysaccharide, Hou et al. (2013) found that NAC supplementation markedly alleviated intestinal inflammation and reduced the levels of TLR-4 mRNA, which indicated that ROS appear to participate in the regulation of TLR-4 gene expression. Furthermore, some researchers also suggested that the ROS-induced injury was considered to occur because of a direct toxic effect of ROS on cellular components or an indirect effect mediated via activation of cell signalling pathways culminating in the generation of a number of proinflammatory molecules (Ziegler-Heitbrock et al., 1993; Fan et al., 2002) . Therefore, one potential strategy for alleviating the effects of oxidative stress is to employ antioxidant strategies aimed at neutralizing oxidants or enhancing endogenous antioxidant mechanisms.
As mentioned in the preceding paragraphs, the effective protection offered by carnosine against H9N2 SIV-induced ALI is mainly because of its antioxidant and free radical scavenging functions. However, whether it could influence the replication of H9N2 SIV was still unknown. Therefore, the effectiveness of carnosine on H9N2 viral replication was investigated in this study and it was found that carnosine treatment also significantly inhibited H9N2 virus replication in mice. At the same time, previous studies demonstrated that another antioxidant, NAC, significantly inhibits human respiratory syncytial virus and H5N1 avian influenza virus infections in vitro (Geiler et al., 2010; Mata et al., 2012) . Cai et al. (2003) also reported that inclusion of GSH in drinking water decreased the viral titre of influenza strain A/X-31 in both lung and trachea homogenates of BALB/c mice. Babizhayev et al. (2014) found that oral carnosine decreased H1N1 viral replication by modulating respiratory burst and ROS production in neutrophils. So far, growing evidence indicates that viral replication is regulated by the redox state of the host cell, although the mechanisms underlying this virusrelated oxidative stress are still a matter of great debate (Vlahos et al., 2011 (Vlahos et al., , 2012 . Nencioni et al. (2003) demonstrated that GSH inhibited expression of viral matrix protein, and inhibited virally induced caspase activation and Fas upregulation during influenza virus infection. Zhang et al. (2015) also found that resveratrol, which has antiinflammatory, antioxidant and antitumour functions, inhibited EV71 replication and cytokine secretion in EV71-infected RD cells through blocking the Ik B kinase/ NFk B signalling pathway. Other authors thought that biochanin A affected H5N1 viral replication by inhibiting the activation of signalling molecules involved in virusinduced signalling, including AKT, extracellular regulated kinase 1/2 and NFk B (Pinto et al., 2011; Sithisarn et al., 2013) . Moreover, Amatore et al. (2015) demonstrated that inhibition of NADPH oxidase 4 activity through RNA silencing blocks ROS increase, prevents mitogenactivated protein kinase phosphorylation, and inhibits viral ribonucleoprotein nuclear export and viral release. In this paper, we confirmed that carnosine dramatically increased OH ? scavenging activity and decreased depletion tissues were collected on different days post-inoculation and the virus was titrated in embryonated eggs; the mean¡SD virus titres from five mice per group are expressed as log 10 EID 50 ml -1 . The limit of virus detection was 10 1.2 EID 50 ml -1 for lungs. *P,0.05; **P,0.01 compared with H9N2.
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of T-SOD, and thus affected the redox state of the lung tissue. Furthermore, we also found that carnosine significantly affected the expression of TLR-4 mRNA and protein. Imai et al. (2008) demonstrated that the TLR-4/NFk B signalling pathway resulted in acute inflammation and controlled the adaptive immune response at various levels, and was involved in ALI induced by H5N1 avian influenza virus. Therefore, our data suggested that carnosine could also affect viral replication mainly by influencing the redox state of the host cell and the activation of TLR-4 signalling molecules. However, the detailed mechanisms remain to be investigated.
Our data demonstrate that antioxidants such as carnosine not only significantly decrease the production of ROS and inflammatory cytokines, but also slightly inhibit H9N2 viral replication, representing a potential additional treatment option that should be considered in the severe case of influenza A virus pandemics. However, whilst the results of this work are interesting, a detailed protective mechanism of carnosine affecting H9N2 SIV replication still remains to be investigated.
CONCLUSION
We conclude that carnosine can protect against H9N2 SIVinduced ALI mainly by scavenging ROS, downregulating the expression of TLR-4 and inhibiting inflammatory cytokine production during viral infection. Our result supports the beneficial effects of carnosine treatment for the management of severe influenza cases during future influenza virus epidemics.
METHODS
Virus. A/Swine/Hebei/012/2008/ (H9N2) virus was inoculated into 10-day-old specific-pathogen-free (SPF) chicken embryos (Beijing Laboratory Animal Research Centre, Beijing, China) and consecutively blind passaged for three generations. The 50 % mouse infectious dose (MID 50 ) was determined according to the methods described by Lu et al. (1999) . The allantoic fluid (AF) was collected and stored at 280 uC.
Mice and ethics statement. SPF 6-to 8-week-old BALB/c female mice (Beijing Laboratory Animal Research Centre) were raised in negative-pressure micro-isolator cages ventilated with high-efficiency particulate air filters, and provided with standard rodent chow and water ad libitum. The study was approved by the Animal Care and Use Committee of Hebei North University (approval IDS 2013-1-0-06). All animal procedures followed the ethics guidelines of the Animal Care and Use Committee; we also referred to the National Research Council Guide for Care and Use of Laboratory Animals (1996) . In this study, a humane end-point was used when the animals showed w30 % body mass loss and laboured breathing. Once animals started to display the above-mentioned clinical signs, they were considered to have reached the experiment end-point and were euthanized immediately according to the protocol of the Animal Care and Use Committee.
ALI mouse model. The ALI mouse model was established as described by Dong et al. (2012) . In brief, the mice were slightly anaesthetized with diethyl ether and inoculated intranasally (100 ml) Determination of the optimal treatment dose of carnosine in H9N2 SIV-infected mice. The efficacy of three different therapeutic doses of carnosine (5, 10 and 30 mg kg 21 ) was tested in order to determine the optimal treatment dose of carnosine. Each group (16 mice) was orally administered different doses of carnosine beginning on day 0 or 2 post-H9N2 virus infection (day 0 was the day immediately administered with carnosine when infected with H9N2 virus, day 2 was the day after infection with H9N2 virus and the infected mice presented clinical signs). Observations indicated that the effect of carnosine treatment was dose-and time-dependent (data not shown); a dose of 10 mg kg 21 and a time of day 0 were the most effective. According to other researchers (Noori & Mahboob, 2010) , a dose of 10 mg kg 21 and a treatment time of day 0 were chosen in our experiment.
Experimental group and carnosine administration. SPF 6-to 8-week-old BALB/c female mice were randomized into four groups as follows: (1) H9N2 group mice, which were subjected to H9N2 SIVinduced ALI with infectious AF; (2) mock control group mice, which were given treatment identical to that of H9N2 group mice, except that the non-infectious AF was administered instead of H9N2 SIV; (3) H9N2+carnosine group mice, which were given identical treatment to that of H9N2 group mice, whilst carnosine (Solon) was dissolved in sterile normal saline and administered orally to mice at a dose of 10 mg kg 21 body mass daily for 7 days consecutively; and (4) carnosine control group mice, which were given treatment identical to that of mock-infected group mice and carnosine was administered as in the H9N2+carnosine group.
Observations of clinical signs and assessment of lung injury.
Mass, food intake and mortality were measured daily for morbidity for 14 days consecutively p.i. in 20 mice of each group. In another experiment, another five mice of each group were weighed and euthanized on days 2, 4, 6, 8 10 and 14 p.i. The lung mass/body mass ratio and lung wet/dry mass ratio, which would be taken as indicators of lung oedema, were measured according to the methods described by Lang et al. (2005) . Meanwhile, parts of the left lobes of lungs were fixed in 4 % paraformaldehyde and embedded in paraffin, and 5 mm sections were stained with HE for light microscopy. Tissue sections were photographed and histopathology was evaluated by a veterinary pathologist on a blind basis according to our previously described methods (Xu et al., 2009) . Lung injury score was measured by a blinded pathologist using a 0-4 point scale according to combined assessments of formation of bronchiolitis, alveolar oedema and interstitial oedema, and margination and infiltration. A score of 0 represented no damage, l represented mild damage, 2 represented moderate damage, 3 represented severe damage and 4 represented very severe histological changes (Parsey et al., 1998) .
Quantification of total protein and WBCs in BALF. BALF samples were collected from animals as described by Majeski et al. (2003) and Xu et al. (2006) . Briefly, another five mice from each group were euthanized at the indicated time points and the lungs were lavaged twice with a total of 1.0 ml saline (4 uC) through the endotracheal tube with the recovery rate of BALF w90 % for all tested animals. After that, the BALF was centrifuged for 10 min (300 g, 15 min, 4 uC). The supernatant was then centrifuged again (16 500 g, 10 min, 4 uC). Total protein in pure BALF was measured using a BCA (bicinchoninic acid) Protein Assay kit (Thermo Scientific). The number of leukocytes in BALF was counted as described by Xu et al. (2006) . The supernatant was stored at 280 uC for the measurement of cytokines using ELISA kits (Sigma).
Assessment of pulmonary capillary permeability. The pulmonary capillary permeability was determined using the EBD extravasation technique as described previously (Choi et al., 2013) . Briefly, EBD (20 mg kg 21 ; Sigma) was injected into the tail vein 1 h before termination of the experiment, and extravasated EBD concentration in lung homogenates was calculated using a standard curve and reported as mg EBD (g lung) -1 .
Measurement of MPO, T-SOD and OH · scavenging activity, and MDA content. MPO activity, T-SOD activity, OH
? scavenging activity and MDA content, were determined in the lung tissues using detection kits (Nanjing Jiancheng Institute of Biotechnology, Nanjing, China). Sample protein concentrations were determined by BCA assay, and the other results were presented as U (mg lung tissue protein) -1 , except for MPO activity that was expressed as U (g wet lung tissue) -1 .
Cytokine analysis. The concentrations of TNF-a and IL-1b in mouse BALF were determined with ELISA kits (Sigma) following the manufacturer's instructions.
Virus titration. Virus titration was performed as per our previously described methods (Xu et al., 2006) . Parts of the left lobes of lungs were collected, weighed and homogenized using a mortar and pestle in cold PBS and antibiotics at the indicated time points. At the same time, clarified homogenates were titrated for viral infectivity in embryonated chicken eggs from initial dilutions of 1 : 10 and viral titres were expressed as mean log 10 EID 50 g -1 .
TLR-4 qRT-PCR. Total RNA was extracted from the lung tissues using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Reverse transcription reactions were performed using a RT Reagent kit with a gDNA Eraser kit (TaKaRa Bio). Meanwhile, the qRT-PCR mixture was prepared using a SYBR Premix Ex Taq II kit (TaKaRa) with the primers: TLR-4 (forward 59-CTGTATTCCCTC-AGCACTCTTG-39, reverse 59-CCCACTGCAGGAATTTCTGATG-39) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (forward 59-TTCACCACCATGGAGAAGGC-39, reverse 59-GGCATGG-ACTGTGGTCATGA-39). All PCR amplifications were performed using an ABI 9700 (Perkin-Elmer Applied Biosystems).
Western blot analysis of TLR-4. Proteins were extracted from the lung tissues a using protein extraction kit (BOSTER) and separated by SDS-PAGE. Proteins were then transferred to nitrocellulose membranes. The blots were incubated for 2 h with primary antibodies for TLR-4 (Abcam) and GAPDH (Abcam). The secondary antibody (HRP-conjugated goat anti-rabbit immunoglobulin) was added and incubated at room temperature for 1 h. Peroxidase labelling was detected by diaminobenzidine using commercially available kits (BOSTER) and the protein level was analysed by a densitometry system. The relative protein level was normalized to GAPDH.
Statistical methods. All data were expressed as mean+SD of n observations, where n represented the total number of animals investigated. In the experiments involving histology, results shown are representative of the results of five experiments performed on different experimental days and analysed by the Kruskal-Wallis test.
The statistical analysis of survival data was performed using the Kaplan-Meier test. However, other results were analysed by one-way ANOVA followed by Fisher's protected least significant difference test for multiple comparisons using SPSS for Windows, version 18.0 (SPSS). Pv0.05 was considered significant.
